A physical model for trap-assisted inelastic tunnel current through potential barriers in semiconductor structures has been developed. The model is based on the theory of multiphonon transitions between detrapped and trapped states and the only fitting parameters are those of the traps ͑energy level and concentration͒ and the Huang-Rhys factor. Therefore, dependences of the trapping and detrapping processes on the bias, position, and temperature can be obtained with this model. The results of the model are compared with experimental data of stress induced leakage current in metal-oxide-semiconductor devices. The average energy loss has been obtained and an interpretation is given of the curves of average energy loss versus oxide voltage. This allows us to identify the entrance of the assisted tunnel current in the Fowler-Nordheim regime. In addition, the dependence of the tunnel current and average energy loss on the model parameters has been studied.
I. INTRODUCTION
A model for studying trap-assisted inelastic tunneling through a potential barrier in a semiconductor structure has been developed. Our main goal is to reproduce and analyze experimental data using as fitting parameters only direct characteristics of the traps ͑energy level and concentration͒ and physical parameters related to the mechanism that allows the transitions. We have focused on metal-oxidesemiconductor ͑MOS͒ devices. The reason for this is twofold: on the one hand, there is a large amount of available experimental data with which to compare the results. On the other hand, it is very important to analyze and model the current through the gate oxide because this can cause retention time degradation in EEPROM and FLASH memories. 1 The writing and reading of these memories is carried out with high-field injection of electrons in the FowlerNordheim ͑FN͒ regime to charge and discharge a floating gate. It is known that after this electric stress, a low-field leakage current appears ͑stress induced leakage current or SILC͒. It is generally accepted that SILC is caused by the traps generated in the oxide during the stress. These traps assist the electron tunneling in a two-step process. [2] [3] [4] [5] The elastic or inelastic character of the process has been the subject of some controversy, but it is now generally agreed that energy relaxation is induced in the traps after the trapping of electrons from the conduction band of the cathode. 4, 5 Average energy loss values are measured by the shift towards higher entrance biases in the Fowler-Nordheim regime of the SILC component of the tunnel current 3 and by the quantum yield of impact ionization for electrons in silicon. 4, 5 Several models have been developed to account for SILC. Most of these use the same capture cross section for all the traps ͑independent of the position and bias͒ as a free parameter 2, 6, 7 or do not calculate the energy loss, but take it as a fixed parameter 6 which matches the measured value of the average energy loss. Emission of a phonon with a different wave vector in each transition has also been used to study the transient SILC. 8 We have calculated the assisted tunnel current with a model based on first principles, on the basis of the theory of nonradiative capture and emission of electrons by multiphonon processes. 9 This theory has previously been used to study the capture and emission times of neutral nearinterface traps 10 and the leakage current in erasable programmable read only memory with an oxide-nitride-oxide interpoly dielectric. 11 In our model, we have taken the multiphonon probability in the single-energy phonon approximation. 9, 12 To calculate the transition matrix elements, we have used the wave functions for the detrapped states calculated by solving the Schrödinger and Poisson equations in a self-consistent way. As a model is obtained from the direct application of the theory of multiphonon processes, we need not use the capture cross sections or emission rates as fitting parameters, but can calculate them for each trap, for each position and bias and, for example, obtain their dependence on the temperature. The free parameters of the model are just the energy level of the traps, their concentration, and the Huang-Rhys factor (S), which takes into account the change in the configuration of the atoms around the trap when an electron is trapped. Therefore, we can obtain relationships between the measured macroscopic magnitudes ͑tunnel current, time constants, and average energy lost by the electrons during the transition͒ and the microscopic parameters. In this way, we have calculated the influence on the assisted tunnel current of the energy level of the trap (E T ), of half of the Stokes shift (Sប), of the trap charge, and of its concentration in the oxide. The dependence on the temperature has also been calculated. This is possible because the capture and emission times for different tempera-tures can be calculated once the trap parameters at a certain temperature have been obtained.
The article is organized as follows: the theoretical basis of the model is given in Sec. II. Section III presents a comparison with experimental data and the influence of the model parameters on the tunnel current is analyzed in Sec. IV. Finally, some conclusions are drawn in Sec. V.
II. THEORETICAL MODEL

A. Calculation of the capture probabilities
Our first task is to obtain the time constants for the emission and capture of an electron by an oxide trap. Once this has been done, the trap-assisted tunnel current through the oxide can be calculated. The following mechanism has been assumed: a tunnel transition assisted by a multiphonon emission or absorption given by the energy difference between the initial and final states, as sketched in Fig. 1 . Arrows indicate the possible paths for the inelastic transitions of the cathode electrons: first of all, there is a transition between the initial state in the gate and the trapped state. The electronic energy of the trapped state is lower than the initial one, the difference being vibrational energy dissipated by emission of phonons. The second step is the emission ͑with possible absorption of phonons͒ of the electron from the trap to the anode. The thickest arrows show the main path, as explained below.
The probability of emission to the anode of an electron per time unit ͓W e a (E,z)͔ is calculated from that of capture of an electron of the anode by the trap ͓W c a (E,z)͔, making use of the detailed balance principle
⌬E a is the difference in electronic energy between the free state in the anode and the trapped state. The probabilities of capture of one electron by the traps are calculated by means of the Fermi golden rule. The perturbation Hamiltonian is the nonadiabatic part of the total Hamiltonian of the crystal. This term is neglected in the Born-Oppenheimer method, because it couples electron and ion motion. 13 Therefore, the nonadiabatic Hamiltonian is assumed to be responsible for the transitions between the states described by the adiabatic approximation. 9 The probability of capture of an electron from the cathode per time unit W c c (E,z) and the probability W c a (E,z) is obtained with a thermal average over all the states of the lattice vibrations in the initial state. 14 The final result is
The term ͉V e ͉ 2 is the transition matrix element ͉͗ f ͉U͉ i ͉͘ 2 , where U is the potential for the electron-phonon coupling and i , f are the electronic wave functions for the initial and final states, respectively; S is the Huang-Rhys factor, which characterizes the effect of the electron-phonon interaction on the equilibrium position of the lattice oscillators and it will be used as a fitting parameter; ប is the energy of the phonons involved in the transitions ͑or the quantum of the vibrational energy͒ and ⌬E is the difference in the purely electronic energy between the free and the trapped states. Therefore, pϭ⌬E/ប is the number of phonons emitted because of this energy difference. The population of phonons is given by the Bose statistic. is defined as 2S͓n(nϩ1)͔ 
The energy Sប is half of the Stokes shift energy, which is the energy involved in the change of the spatial configuration of the lattice oscillators when an electron is trapped or detrapped. In Refs. 10 and 11 it was shown that there is no appreciable difference in the multiphonon probability when different values of S and ប are used if the product Sប is the same. Therefore, we used the fixed value 20 meV for ប ͑as in Ref. 15͒ and S as a fitting parameter.
Before continuing with the calculation of W c c,a , let us comment on some of the approximations used: ͑i͒ the electronic levels were calculated neglecting the effect of the electron-phonon interaction, although it is known that as a consequence of this interaction a shift in the electronic energy is produced. Such a shift should be taken into account in the calculation of ⌬E and p.
14 However, it will be assumed to be a constant term, independent of the detrapped state. In fact, the part of this shift dependent on the free state is usually neglected. 9 The remaining part, associated with the trapped state, can be included in the trap level parameter E T . ͑ii͒ Expression ͑2͒ is a particular case of a more general equation ͑see Ref. 12͒. This approximation is valid if the optical deformation potential is assumed for the electronphonon coupling, 9, 12 which is the case here. For the final calculation of W c c,a , we need the models for the detrapped and trapped states. The wave function for an electron in a subband of the inversion channel is given by 16 ͉
where (z) is the normalized envelope function in the direction normal to the interface and A is the channel area. If the initial state is non-bounded then the wave function is given by:
where VϭAϫL. The function L (z) is normalized over the transversal to the interface Si-SiO 2 length L. The functions (z) and L (z) are calculated by solving numerically the Schrödinger equation. In this way, the effect of the electric field is included in the calculation of the electronic states f ,i . In the models used for deep levels in semiconductors, the trap charge is usually taken into account by multiplying the wave function of the free state near the trap by (C 0 ) 1/2 , where C 0 is the Sommerfeld factor. 12, 17 Therefore, for the calculation of the transition matrix element and the overlap integral ͑see below͒, we consider that
͑V must be changed for A and L (z) for (z) in the bidimensional case͒, where z 0 is the position of the trap center and z T is the length assumed for the trap. The Sommerfeld factor is defined as
where Z is the charge of the trap, E k is the energy in the band of the free electron, and R H * is the effective Bohr energy
The symbols have their usual meaning.
We have assumed the billiard-ball-like form for the wave function of the trapped electrons
͑9͒
The trap radius (a T ) is estimated as
Finally, having assumed the optical deformation potential for the electron-phonon interaction and calculated the wave function for the detrapped state, the following expression gives the transition element ͉V e ͉ 2 :
10
͑V must be changed for A and L (z) for (z) in the bidimensional case͒. The volume V ͑or the area A͒ is cancelled out by the respective term of the tridimensional ͑bidimensional͒ density of states. This formalism can be used to calculate capture and emission probabilities for traps in several situations because of its versatility and easy implementation if a numerical solver program for the Schrödinger equation is available. In this article, we have used it to calculate the trap-assisted tunnel current through the oxide in MOS capacitors, as shown in the next subsection.
B. Trap-assisted tunnel current
Once the transition probabilities are known, we can calculate the trap-assisted tunnel current. If we neglect the tunnel current in the opposite direction to the electrical field in the oxide, the change ratio of the concentration of occupied traps in position z is
where f T (z) is the occupancy function of the traps, N T (z) is their concentration, and c (z) and e (z) are the time constants for capture and emission of electrons by a trap situated at position z. Negative bias has generally been assumed ͑cur-rent from the n ϩ -polysilicon gate to the p substrate in accumulation or n substrate in depletion͒. If the current is between an inversion channel in the substrate and the gate then the capture time is
where the summation is over all subbands ͑ c is the capture time for electrons from the subband͒. In steady state
where R is the number of transitions per time unit assisted by the traps at position z. The total assisted tunnel current is then given by
where q is the electron charge. This expression can be calculated for each kind of trap ͓characterized by the energy level E T in relation to the conduction band of the oxide and the concentration profile N T (z)͔. The time constants are calculated from
where N c (E)͓N a (E)͔ is the tridimensional density of states in the cathode ͑anode͒ and f c (E)͓ f a (E)͔ is the Fermi-Dirac function in the cathode ͑anode͒. If the electrons leave from an inversion channel, the density of states N c (E) is bidimensional. As noted above, the probability of emission to the anode, W e a (E,z), is calculated from that of capture of an electron of the anode by the trap, W c a (E,z), making use of the principle of detailed balance ͓Eq. ͑1͔͒.
The final expression for the capture time from the cathode is calculated by substitution of Eq. ͑2͒ into Eq. ͑18͒
The summation of Eq. ͑2͒ transforms the integral of Eq. ͑18͒ to another summation, selecting only the energies whose p is an integer. Expression ͑20͒ starts from the value p 1 given by the bottom of the conduction band in the gate ͑or by the bottom of the subband in the case of current from an inversion channel͒. In theory, a sum with infinite terms is obtained. However, in practice, this is reduced to only the first terms, as a consequence of the occupancy factor. However, in order to obtain a more compact expression, we have made the following approximation, with an estimated error of less than 10%. Our approximation assumes that all the electrons initially present the energy of the bottom of the conduction band plus the mean kinetic energy 3 2 kT ͑or of the bottom of the subband plus kT, in the bidimensional case͒. In this way
where
͑ for a tridimensional electron gas͒,
where (z) is the electrostatic potential solution of the Poisson equation and E C0 (z) takes account of the conduction band discontinuity, as shown in Fig. 1 . Finally, E i is the difference between the bottom of the subband and the bottom of the silicon conduction band in the neutral zone.
To calculate the emission time, we substitute Eqs. ͑1͒ and ͑2͒ into Eq. ͑19͒
͑23͒
To obtain a more compact expression, we have assumed zero-phonon transitions: the electrons are emitted from the trap without absorption of phonons (pϭ0). This approximation is supported by the fact that the functions I p () decrease when p increases. Furthermore, this tendency is strengthened by the exponential e Ϫpប/kT of the detailed balance expression ͑1͒. With this approximation, Eq. ͑1͒ becomes W e a (E,z)ϭW c a (E,z). Thus, with the approximation f a (E) Ӎ0, we obtain the expression
Finally, Eqs. ͑21͒ and ͑24͒ are substituted in Eq. ͑17͒ to obtain the trap-assisted tunnel current. In order to get a complete model for the tunnel current through the potential barrier and to compare it with experimental data, we need to include the contribution of the direct tunnel current. This calculation was carried out following Bardeen's method: 18 -22 the probability of transition from one state in the cathode to another in the anode is calculated by means of Fermi's golden rule. To determine the overlap of the wave functions we also solved numerically the Schrödinger equation for the two states.
C. Spatial distribution and charge of the traps
The calculated expressions ͑21͒ and ͑24͒ for the time constants can be used to study several problems in MOS devices related to traps in the oxide ͑transient current caused by trapping and detrapping processes after FN stress or noise caused by near-interface traps͒ 10 or in other semiconductor heterostructures where there is a potential barrier with traps. We have focused our attention on a widely measured effect: the steady trap-assisted tunnel current in MOS capacitors after electrical stress. To be more specific, we considered that the traps of the devices studied were created by FN stressing with negative gate bias. Therefore, the maximum trap concentration is expected to be located on the oxide-gate interface while the minimum is expected to be located on the substrate-oxide interface. The following dependence on the position has been assumed ͑the origin of the z axis is over the substrate-oxide interface͒
where ⌳ϭϪln(10 Ϫ )/t ox . is the decimal logarithm of the ratio between the concentration of traps in the oxide-gate interface and the concentration in the substrate-oxide interface.
On the other hand, in the resolution of the Poisson equation, we should take into account the oxide charges, 8, 23 which depend on the type and concentration of traps. Two kinds of traps have been considered: neutral traps, which become negative when they trap an electron; or positive traps, which become neutral when an electron is trapped. In the first case, the charge density in the oxide is
and, in the second one,
From Eq. ͑12͒, in steady state, the occupation function is given by
The resolution of the Poisson equation and the calculation of the occupation function are carried out following an iterative scheme: first, the Poisson equation is solved without considering the oxide charge. Then, the occupation function f T (z) is calculated. With the charge obtained, the Poisson equation is solved again. The process is repeated until convergency is reached. It can be seen from Eq. ͑28͒ that the traps near the gate ͑where c Ϫ1 ӷ e Ϫ1 ͒ are almost fully occupied if they participate in the conduction; whereas the traps near the substrate are empty.
In the following, we study the results obtained with the model developed in this section and reproduce experimental SILC data in MOS capacitors to check the model.
III. COMPARISON WITH EXPERIMENTAL RESULTS
To check the model, we have fitted some experimental results 2,4 with those derived from our simulations ͑Figs. 2 and 3͒. The values of the trap parameters are given in the corresponding figure captions. As can be seen, all the experimental data, although obtained from two different references, are fitted with very similar values of E T and Sប. It should be noted that the values of Sប used to fit the experimental data agree with those previously reported. 10 The slight difference between the Huang-Rhys factors for different samples could be caused by differences in the stress processes. With the present model we can obtain the trap characteristics fitting the experimental current curves and, therefore, analyze the kind of traps generated by different stress processes.
On the other hand, to reproduce these experimental data, we had to assume neutral ͑when empty͒ traps. If the charge of the empty traps is taken as positive, a negative shift in the FN regime is obtained, i.e., the simulated direct current is displaced toward lower absolute oxide voltage with respect to the experimental curve because the barrier shape is lower inside the oxide ͑see Ref. 23 and our discussion below͒. Of course, the level of the direct ͑and assisted͒ tunnel current depends on the value of the oxide effective mass m ox . Therefore, the conclusions about the charge of the traps seem to depend on the latter. Note, however, that the same value of m ox (0.42•m 0 ) has been used in all the simulations and this is the value that makes the direct current in FN regime fit the experimental data in both samples ͑from Refs. 2 and from 4͒. In addition to this, this value of m ox has been used previously to fit direct FN current with very good results. Finally, it should be noted that the difference between the direct tunnel current and the current in the fresh devices in Figs. 2 and 3 is because of the potential barrier buildup caused by the negative trapped charge and, above all, because of the traps in the virgin device. It has been reported 5 that these traps assist the tunnel transitions in an elastic way and, therefore, the corresponding curves have not been fitted.
IV. DISCUSSION AND RESULTS
Using the model developed in Sec. II, we have studied its dependence on the physical parameters of the traps, their spatial distribution, and the temperature. In all the simulations shown in this section ͑unless otherwise mentioned͒, the system parameters are the following: oxide thickness, t ox ϭ5. 
A. Interpretation of the average energy loss versus oxide voltage curves
The dependence of the average energy loss (͗E lost ͘) on the oxide voltage (V ox ) has been studied. Figure 4 illustrates the evolution of ͗E lost ͘ when V ox changes. The trap level is E T ϭ2.4 eV. The position z max.curr of the traps which contribute most to the current ͑in which R reaches its maximum value͒ and of those z max.prob which have the highest probability of assisting a tunnel process ͑i.e., which have the highest value of the term 1/͓ c ϩ e ͔ is represented versus V ox . The two positions are not the same because of the trap profile ͓see Eq. ͑16͔͒. Also shown is the position of the traps which contribute to the current and which are the closest to the oxide-gate interface (z last ). Finally, the energy lost by the electron trapped and detrapped by the traps which contribute most to the current and the average energy lost are also represented. Figure 4 shows that the traps which are near the substrate-oxide interface are the only ones which can assist tunnel transitions at low bias. When V ox increases, traps in the inner part of the oxide begin to be able to assist transitions. Over a large range of values of V ox ͑1.5-3.4 V, approximately͒ the position of the traps which most contribute to the current is almost constant ͑zone a of the curves͒, although new traps can also participate in the conduction. Because of this, the average energy lost is higher when V ox is increased. Figure 5 ͑with V ox ϭ2.62 V and Sបϭ0.6 eV͒ shows that the position in which c Ϫ1 and e Ϫ1 are equal approximately matches the position of the traps which most contribute to the assisted tunnel current.
The situation changes when traps nearer the oxide-gate interface than these enter the FN regime ͑as can be observed from the data of Fig. 4 ; in this simulation we have not included the oxide charge in order to simplify the numeric interpretation of the data͒. This corresponds to zone b in Fig.  4 . As shown in Fig. 5 ͑with V ox ϭ3.73 V͒, the traps which most contribute to the current are not now those in which the amounts c Ϫ1 and e Ϫ1 are equal, but those in which the FN regime has been reached. For these traps, e Ϫ1 is higher than for more internal traps, although they are further from the anode. Because these traps are nearer the cathode than the ones which contribute most to the current in zone a, the average energy lost is lower.
In conclusion, let us note that the entrance of the traps into the FN regime can be detected by the first falling edge of the curves of average energy lost. The rest of the oscilla -FIG. 4 . Position of the traps which contribute most to the current (z max.curr ), which have a higher probability of assisting a tunnel process (z max.prob ) and which are the nearest to the gate and participate in the assisted tunnel current (z last ). Energy lost in the traps which contribute most to the current (E lost ).
Average energy lost by the electrons (͗E lost ͘). The term t ox ϭ5.8 nm.
FIG. 5. Transitions per time unit, c
Ϫ1 and e Ϫ1 , for two different biases. vs the position z of the traps in the oxide.
tions of the average energy lost and of the position of the traps which most contribute to the current are because of the entrance of more internal traps into the FN regime ͑zone c͒ and because of the dependence of c Ϫ1 on the number of phonons necessary to assist the trapping processes. Similar results have been obtained when the value of the trap level E T is 3.0 V, but delayed in V ox .
B. Analysis of the dependence on the parameters
We have analyzed the dependence of the trap-assisted tunnel current on the parameters N 0 and , which control the concentration of traps in the oxide according to expression ͑25͒. It has been confirmed that the influence of the trap profile is not strong if the density of traps integrated over the oxide thickness is kept constant. The biggest differences appear at low biases or at high biases, where the difference between the concentrations of the traps which most contribute to the current is greatest ͑traps near the interfaces͒. Figure 6 shows the result of the inclusion of the oxide charge in the resolution of the Poisson equation. As can be seen, the difference between the curves of assisted and direct tunnel current in the three cases ͑oxide charge not included in the Poisson equation, positive traps and neutral traps͒ is considerable, especially if the traps are positive and E T is several tenths of eV lower than the barrier height because of the conduction band discontinuity ( B ). Our interpretation is this: on the one hand, with this particular value for the trap level and positive traps ͑when empty͒, an important deformation of the barrier occurs. If the barrier did not change, then all traps would be above the electron energy in the cathode and would not be able to assist tunnel transitions. Therefore, the traps would be empty and the positive charge density would be high. But this fact makes the barrier decrease and lets some traps assist the tunnel current. In this way, the charge density in the oxide is lowered. On the other hand, neutral traps can deform the barrier only when they are occupied. However, according to Eq. ͑28͒, the traps which are occupied are sited mainly near the oxide-gate interface. Therefore, they are over the electron energy in the gate at low biases and cannot be occupied; thus, there is not deformation of the barrier.
The inclusion of the oxide charge is the only way for the oxide traps to influence the direct tunnel, by means of the deformation of the barrier. As shown in Fig. 6 , neutral traps lower the direct tunnel current ͑because the barrier is bigger͒, whereas positive traps increase the current and the average energy lost ͑see the inset of Fig. 6͒ and advance the entrance of the traps into the FN regime because of the deformation of the trapezoidal barrier. It has been confirmed that with values of N 0 under 5ϫ10 18 cm Ϫ3 , the influence of the trapped charge on the direct tunnel is negligible. Figure 7 shows the dependence of the assisted tunnel current and the average energy loss on the trap level E T . The value for Sប is 0.90 eV. Experimental data are shown only as a reference. As expected, 3 higher values of E T delay the entrance of the traps into the FN regime. This can be inferred from the tunnel current curves or from the average energy lost figures. The value of E T influences the slope of the assisted tunnel current ͑before the FN regime͒, as well as on its level. Furthermore, as commented above, the influence of E T could depend on the charge and density of the traps.
The dependence of the assisted tunnel current and average energy loss on the parameter Sប is shown in Fig. 8 . As can be seen, the higher the value of Sប, the higher the average energy loss and the value of V ox in which the traps reach the FN regime and the less steep the transition. These results agree with the fact that a higher value of Sប favors transitions that involve a higher number of phonons. Therefore, although traps nearer the oxide-gate interface are in the FN regime over certain bias, they still assist few processes because the number of phonons involved is low. So, the kink of the current curves and the falling edge of the ͗E lost ͘ curves which reflect the entry in the FN regime are softened and delayed until the transitions assisted by the traps which are in the FN regime involve a higher number of phonons. In Fig. 5 ͑with V ox ϭ2.62 V and Sបϭ1.4 eV͒, it can be seen that the higher the value of Sប, the lower the values of c
Ϫ1
and e Ϫ1 and the more internal are the traps which contribute most to the current ͑situated at the position where c Ϫ1 and e Ϫ1 are equal, as confirmed with a figure similar to Fig. 4 , not reproduced to avoid repetition͒.
As we use the characteristics of the traps as the fitting parameters, once they have been obtained for a certain temperature, we can calculate the assisted tunnel current for different temperatures ͑they are assumed not to change when the temperature varies͒. In this way, the influence of the temperature on the direct and assisted tunnel current is shown in Fig. 9 , for two different biases. In the curve for assisted current, two zones can be distinguished: the first one has a steep slope, while the second one is slightly steeper than the direct tunnel curve. This fact is due to the thermally activated behavior of the capture and emission times and, therefore, of the assisted tunnel current. 11 The kink of the curve is around Tϭ220 K, near the equivalent temperature for the energy បϭ20 meV. On the other hand, Fig. 10 shows decreasing curves of the average energy loss versus temperature. These curves present two zones, with the frontier also around T ϭ220 K.
V. CONCLUSIONS
A model based on transitions assisted by multiphonon emission between free and trapped states has been developed to study inelastic tunnel current assisted by oxide traps. The model is based on direct physical principles and has as free parameters only those of the traps ͑energy level, concentration͒ and half of the Stokes shift Sប. Therefore, the model can be used to analyze the traps generated under different stress conditions. Good agreement between the results of the simulations and the experimental data has been obtained with several samples. Furthermore, the fact that the trapping and detrapping times are calculated for each trap ͑and are not used as fitting parameters͒ allows us to obtain their dependence on the position, bias, and temperature. Simulated curves of the average energy lost by the electrons during the transition have also been reported. It has been shown that the loss of energy depends on the bias, and an interpretation of the curves of ͗E lost ͘ vs V ox has been given. A relation was found between the falling edge of these curves and the entry of the assisted tunnel into the FN regime. Since these curves depend on E T , Sប, and the type of traps ͑positive or neutral͒, experimental measurements of assisted tunnel current and energy loss could be used to determine these parameters.
Furthermore, having obtained the parameters of the traps for one temperature, a prediction for a different temperature could be given, since the fitting parameters are the trap characteristics, not the capture and emission cross sections.
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